Children of Alzheimer's disease (AD) patients are at heightened risk of developing AD due to genetic influences, including the apolipoprotein E4 (ApoE4) allele. In this study, we assessed the earliest cortical changes associated with AD in 71 cognitively healthy, adult children of AD patients (AD offspring) as compared with 69 with no family history of AD (non-AD offspring). Cortical thickness measures were obtained using FreeSurfer from 1.5 T magnetic resonance (MR) scans. ApoE genotyping was obtained. Primary analyses examined family history and ApoeE4 effects on cortical thickness. Secondary analyses examined age effects within groups. All comparisons were adjusted using False Discovery Rate at a significance threshold of p b 0.05. There were no statistically significant differences between family history and ApoE4 groups. Within AD offspring, increasing age was related to reduced cortical thickness (atrophy) over large areas of the precuneus, superior frontal and superior temporal gyri, starting at around age 60. Further, these patterns existed within female and maternal AD offspring, but were absent in male and paternal AD offspring. Within non-AD offspring, negative correlations existed over small regions of the superior temporal, insula and lingual cortices. These results suggest that as AD offspring age, cortical atrophy is more prominent, particularly if the parent with AD is mother or if the AD offspring is female.
Introduction
Alzheimer disease (AD) is a neurodegenerative disorder in which neurochemical and neuroanatomical changes precede clinical symptoms. The risk for developing AD is influenced by family history (children of AD patients are 6 times more likely to develop AD as compared with those without a family history (Bendlin et al., 2010) ) and ApoE4 (Debette et al., 2009; Fleisher et al., 2009 ) (which alters amyloid-beta protein metabolism (Bu, 2009) ). Increased risk of developing AD has also been found in postmenopausal women when compared to elderly males (Janicki and Schupf, 2010) , perhaps due to lack of estrogen's neuroprotective effects, as well as in individuals with a maternal family history of AD when compared to individuals with a paternal family history (Edland et al., 1996; Gomez-Tortosa et al., 2007) .
The use of neuroimaging measures as biomarkers of antecedent AD in its pre-symptomatic stages has been shown to be both promising and challenging. For example, beta amyloid deposition and glucose metabolism in the brain can be detected by amyloid imaging (Pike et al., 2007) but this method is very invasive and expensive, while hippocampal volume loss is barely detectable in structural magnetic resonance imaging (MRI), a minimally non-invasive and relatively inexpensive approach (Aisen et al., 2010) . Encouragingly, abnormal values of these antecedent biomarkers have been found in individuals with elevated risk for developing AD, i.e., women, carriers of apolipoprotein E4 (ApoE4) allele, and individuals with a family history of AD, especially maternal history (Bendlin et al., 2010; GomezTortosa et al., 2007; Lautenschlager et al., 1996; Payami et al., 1996; Sager et al., 2005; Wu et al., 1998) .
The goal of the current study was to use structural MRI to determine whether cortical atrophy patterns that are characteristic of AD existed in individuals at familial risk for AD. We compared cortical thickness measures between cognitively healthy, middle-aged adults who have an AD parent with cognitively healthy, middle-aged adults who do not have a family history of AD. We also examined the relationship of cortical thickness measures with age and other factors that may be related to cortical thinning, such as the presence of an ApoE4 allele, being female and having a mother with AD.
Methods

Subjects
One hundred and forty (140) cognitively normal participants from the Adult Children Study from the Knight Alzheimer's Disease Research Center (ADRC) at Washington University in St. Louis were included in this study. Seventy-one (71) participants had at least one biological parent with clinical AD (i.e., AD offspring) and 69 had none (i.e., non-AD offspring). In addition, ApoE4 allele status was obtained in all participants.
MRI acquisition parameters and processing MR scans were acquired on a 3 Tesla Siemens Trio scanner (Siemens Medical Systems). Scanning protocol included the collection of multiple (2-4) high resolution, 3D T1-weighted MPRAGE sequence volumes (TR: 9.7 ms, TE: 4.0 ms, flip angle: 10°, scan time: 6.5 min per acquisition, voxel resolution: 1 mm×1 mm×1.25 mm). The multiple scans for each subject were registered with its first scan and averaged to form a lownoise volume (Buckner et al., 2004) .
MRI data were processed using FreeSurfer 4.1.0 (http://surfer. nmr.mgh.harvard.edu). A white matter surface was generated through tessellation of the gray/white junction, which was deformed and inflated outwards to approximate the gray-CSF boundary. Any geometric inaccuracies or topological defects were corrected using a combination of automatic and manual methods. Manual editing was conducted by a trained rater (KR). A 15-mm FWHM kernel was applied to the cortical thickness data along the cortical surface. Cortical thickness maps were generated on the inflated surface for visualization purposes.
Statistical analysis
We first compared cortical thickness to examine the effects of family history and ApoE4 allele status, using age as a covariate (age difference was significant, see below). We then examined relationships between cortical thickness and age separately in each of the following: offspring group, gender of affected children, and gender of the AD parent (participants with both parents diagnosed with AD were excluded from the last comparison). All statistical maps (group comparison as well as correlation) were generated using general linear models on cortical thickness data at each surface vertex. Significance values were adjusted for multiple comparisons using False Discovery Rate threshold of p b 0.05 and visualized on the surface as -log(10)p. 
Results
Subjects
The mean (SD) age for AD-offspring was 59.86 (8.71) years. The mean (SD) age for non-AD offspring was 63.06 (8.19) years. The difference in age between these two groups was significant (p = 0.027). Thirty-seven AD offspring and 21 non-AD offspring had at least one ApoE4 allele (chi-square = 5.9, p = 0.015). See Table 1 for demographics details and ApoE genotyping distributions.
Family history
Comparisons between AD offspring and non-AD offspring did not yield statistically significant differences in cortical thickness. When we grouped subjects into 3 decade age-segments (i.e., 45-54, 55-64, 65 and above), there were no difference in cortical thickness between these two groups within any of the age segments.
Within AD offspring, correlations between cortical thickness and age yielded large regions of statistically significant negative correlations, most prominent in the precuneus, superior frontal gyrus and superior temporal gyrus in both hemispheres, as well as isthmus cingulate, superior parietal, inferior frontal, supramarginal, insula, middle temporal, inferior temporal, fusiform gyrus, entorhinal and lateraloccipital cortices (Fig. 1 , top row). Within non-AD offspring, age-related cortical thinning was observed in small and scattered regions of the lingual, fusiform and insular cortices (Fig. 1, bottom row) . Across the large areas observed in the AD offspring we calculated a mean thickness value for every participant and found a statistically significant piecewise linear relationship between cortical thickness values and age in the AD offspring (left hemisphere: breakpoint =55.9 years, annual change before breakpoint=0.0 mm/year, annual change after breakpoint= −0.015 mm/year; right hemisphere: breakpoint =58.6 years, annual change before breakpoint =0.0 mm/ AD offspring-Segmented Regression best described the data; Cut-off: 55. 87 year, annual change after breakpoint=−0.016 mm/year)) but not for the non-AD off spring (Fig. 2 , Table 2 ). We also calculated mean thickness values in each of the above areas for every participant: left precuneus, left superior frontal gyrus, right lateral parietal cortex, right inferior frontal gyrus, right superior frontal gyrus, and right precuneus. In all but one area we found a statistically significant piecewise linear relationship between cortical thickness values and age within the AD offspring but not for the non-AD offspring (Fig. 3) . In the right ligual-parahippocampal gyrus, both AD offspring and non-AD offspring showed a statistically significant piecewise linear relationship between cortical thickness values and age (Fig. 3C, middle panel) . The average breakpoint across individual ROIs is 58.1 (±3.3) years, the average annual change before breakpoint is 0.0 mm/year, and the average annual change after breakpoint is −0.018 (±0.0093) mm/year. A complete list of the linear and piecewise linear fits for all regions can be found in.
APOE4
Comparisons between e4+ and e4 − participants did not yield statistically significant differences in cortical thickness, nor was there an APOE4-status-by-family history interaction. When we grouped subjects into 3 decade age-segments (i.e., 45-54, 55-64, 65 and above), there were no APOE4 effect or APOE4-by-family history interaction in cortical thickness within any of the age segments. Correlations between cortical thickness and age were not statistically significant within either e4+, e4− groups, e4+ AD offspring, or e4 + non-AD offspring. When controlling for APOE4 status, the AD offspring showed greater age-related cortical thinning in the right superior frontal gyrus and the right precuneus than the non-AD offspring (Fig. 6) .
Gender of AD Offspring and Gender of AD Parent
There were no statistically significant differences in cortical thickness between female AD offspring and male AD offspring. Within the female AD offspring, increasing age was significantly related to decreasing cortical thickness in small regions of the superior temporal gyrus, insula and precuneus on the left hemisphere and in pronounced regions of the insula, supramarginal, precuneus and superior frontal gyrus on the right hemisphere (Fig. 4, middle row) , similar to the pattern that was observed in the AD offspring as a whole (Fig. 1 or Fig. 4 , top row). No significant relationship was found within the male AD offspring (Fig. 4, bottom row) . When controlling for gender, the AD offspring and the non-AD offspring did not show differences in age-related cortical thinning anywhere on the hemisphere surfaces.
There were no statistically significant differences in cortical thickness between AD offspring with a maternal history vs. AD offspring with a paternal history. Within the maternal AD offspring, increasing age was significantly related to decreasing cortical thickness mostly in bilateral precuneus, superior frontal gyrus on the left hemisphere and supramarginal gyrus on the right hemisphere (Fig. 5, top row) . No significant relationship was found within the paternal history AD offspring (Fig. 5 , bottom row).
Discussions
Children of AD patients are at elevated risk for developing AD. However, antecedent biomarkers for this risk have not been well defined. Additionally, the age at which these biomarkers change is yet to be determined. The goal of this study was to determine if agerelated cortical thinning patterns as such an antecedent biomarker could be explained by family history of AD. In cognitively normal, middle-aged individuals we compared cortical thickness patterns between those who have AD parents with those with no family history of AD. Results from this study are congruent with previous studies in preclinical AD (Berti et al., 2011; Fennema-Notestine et al., 2009; Honea et al., 2010) and have new implications for future AD research.
Family history
That cortical thickness did not differ between AD offspring and non-AD offspring is not particularly surprising given that typical AD-related cortical atrophy as measured in MRI may not be readily apparent at this stage (Aisen et al., 2010) . However, we found that AD offspring exhibit a relationship between cortical thickness and age that is different than non-AD offspring: AD offspring showed aging related cortical thinning in large regions of precuneus, isthmus cingulate, superior parietal, superior frontal, inferior frontal, supramarginal, insula, superior temporal gyrus, middle temporal, inferior temporal, fusiform gyrus, entorhinal and lateral occipital cortices. Many of these regions have been found to show atrophy in individuals with mild cognitive impairment or AD when compared with cognitively normal elderly individuals (Karas et al., 2007; McDonald et al., 2009; Querbes et al., 2009 ). For example, Desikan et al. (2009) found that cortical thickness measures of the supramarginal, isthmus cingulate, lateral occipital and middle and inferior temporal gyri could discriminate individuals with MCI from healthy controls. Lerch et al. (2008) combined cortical thickness measures from the inferior frontal gyrus and parahippocampal gyrus (which includes entrohinal cortex), powerfully discriminated AD patients from healthy controls. Further, the patterns of negative correlation Table 2 Parameters for all regions with linear or piecewise linear fits. For individual ROIs (i.e., excluding whole hemispheres), the average age of breakpoint for the piecewise linear regression models for AD offspring is 58.1 (± 3.3) years, the average annual change before breakpoint = 0.0 mm/year, and the average annual change after breakpoint = − 0.018 (± 0.0093) mm/year. between cortical thickness with age from our present study of preclinical AD visually overlap with regions with increased amyloid deposition, cortical atrophy and metabolic disruption in AD patients (Buckner et al., 2005) . In comparison, non-AD offspring showed a different pattern of cortical thinning as a function of age, including the lingual, fusiform and superior temporal regions. Other studies have reported normal cortical thinning patterns in healthy aging individuals that include these brain regions. For example, Fjell et al. (2009) reported more extensive cortical thinning patterns in an older population of healthy individuals aged 55-90. Fig. 3 . Linear and piecewise linear regression relationships between mean cortical thickness and age across specific areas of the cortical surface: A-left precuneus, left superior frontal gyrus; B-right lateral parietal cortex, right inferior frontal gyrus; B-right superior frontal gyrus, right ligual-parahippocampal gyrus, and right precuneus. AD offspring show a steady rate of decline across all areas beginning at age around 60. Non-AD offspring do not show a strong trend of age-related cortical thinning, excluding the lingual-parahippocampal gyrus.
Female AD offspring
We found that female AD offspring showed cortical thinning as a function of age in brain areas that have been associated with cortical atrophy in AD, and such pattern did not exist in male AD offspring. Women have higher incidence rates of AD and therefore are at a higher risk for developing AD than men (Lautenschlager et al., 1996) . While many researchers propose that the reason is because women live longer than men (Hebert et al., 2001; Kawas et al., 2000) and that aging-related decreases in levels of estrogen in women which has protective effects against AD may increase the risk of AD (Bendlin et al., 2010) , others demonstrated that females may be biologically more susceptible to ADrelated excitotoxicity than males in animal models (Zhang et al., 2008) . Our findings lend support to the theory that women have a biological susceptibility to AD that is independent from longer life expectancy.
AD offspring with maternal heritability
We found that AD offspring with maternal heritability showed cortical thinning as a function of age in brain areas that have been associated with cortical atrophy in AD, and such pattern did not exist in AD offspring with paternal heritability. Gender of AD parent has been hypothesized to influence the heritability of AD. In a similar study of cognitively healthy adult children of AD patients, Honea et al. (2010) found that maternal heritability was correlated with lower gray matter volume in the offspring, and Mosconi et al. (2007) found that cognitively healthy adult children whose mothers had AD showed reduced cerebral glucose metabolism, a feature seen in AD patients. Our findings complement and extend the growing literature that maternal transmission of AD is greater than paternal transmission.
Limitations, conclusions and future directions
Limitations of our study include the small sample size of male AD offspring, which led to the analysis of this particular sample being underpowered. Other limitations are the lack of longitudinal data, which are currently being collected, and inclusion of other assessments in the current analysis, e.g., amyloid deposition as measured by PIB-PET. Future directions for this study should include longitudinal data in order to ascertain specific facts that are most predictive of dementia onset. Neuropsychological assessments will be helpful in the longitudinal follow-up of cognitive decline. Inclusion of other imaging modalities such as PIB-PET and resting-state functional MRI will be beneficial in terms of relating age-related gray matter changes with changes of brain function and pathology (Pike et al., 2007; Rombouts et al., 2005; Sheline et al., 2010) .
In summary, we found that cognitively healthy, middle-aged adult AD offspring showed patterns of age-related cortical atrophy that overlap with patterns of cortical atrophy often observed in patients with AD, and that these patterns did not exist in non-AD offspring. We further noted that these changes began at around age 60. The similarity of cortical thickness patterns between our study and these previous studies of AD suggests that those with a family history AD, particularly women or those with a maternal history of AD, may be at higher risk for developing AD and that cortical thickness measures as a function of age may be an antecedent biomarker for this risk. 869294. The sponsors have no role in the design and conduct of the study; collection, management, analysis, and interpretation of the data; and preparation, review, or approval of the manuscript. The principal investigator (JGC) takes responsibility for the integrity of the data and the accuracy of the data analysis.
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Medial superior frontal gyrus precuneus Fig. 6 . Correlation between cortical thickness and age, controlling for ApoE4 status. Colored regions represent areas showing statistically significant differences in thicknessage correlation, between AD offspring and non-AD offspring, controlling for ApoE4 status. Statistical significance is shown as -log10(p) with FDR correction of 0.05. After controlling for ApoE4 status, the AD offspring showed more age-related cortical thinning than the non-AD offspring in the superior frontal gyrus and the precuneus of the right hemisphere (red regions). There were no other areas of significant thickness-age interaction in either hemisphere.
